Background: Guidelines do not currently recommend the use of lung ultrasound (LUS) as an alternative to chest X-ray (CXR) or chest computerized tomography (CT) scan for the diagnosis of pneumonia. We conducted a meta-analysis to summarize existing evidence of the diagnostic accuracy of LUS for pneumonia in adults. Methods: We conducted a systematic search of published studies comparing the diagnostic accuracy of LUS against a referent CXR or chest CT scan and/or clinical criteria for pneumonia in adults aged ≥18 years. Eligible studies were required to have a CXR and/or chest CT scan at the time of evaluation. We manually extracted descriptive and quantitative information from eligible studies, and calculated pooled sensitivity and specificity using the Mantel-Haenszel method and pooled positive and negative likelihood ratios (LR) using the DerSimonian-Laird method. We assessed for heterogeneity using the Q and I 2 statistics.
Background
Pneumonia is considered a major healthcare and economic problem with a considerable effect on morbidity and mortality worldwide [1] [2] [3] [4] [5] . The incidence of communityacquired pneumonia has remained constant over the last few decades affecting 3-5 people per 1000 person-years, predominantly among the young and elderly [6, 7] . Even if discharged, patients are still at risk of returning to Emergency Departments (EDs) or clinics and being readmitted with more severe disease [8] . Pneumonia is also an important health-care related complication: it is the second most common type of nosocomial infection and has the highest mortality [9] . Due to this high burden, physicians with patients suspected of pneumonia are constantly challenged to determine if the clinical syndrome is pneumonia rather than alternative diagnosis.
The diagnosis of pneumonia is made by a constellation of suggestive clinical features such as tachypnea, fever, and respiratory rales or reduced breath sounds on auscultation; and, the presence of consolidation or opacification in a chest radiograph (CXR) or in computerized tomography (CT) scan of the chest [10, 11] . CXR is the main imaging approach in many settings; however, limitations for its use exist. For example, radiation exposure precludes CXR use in pregnant women [12] . Moreover, it is frequently troublesome to acquire both posteroanterior and laterolateral projections in hospitalized patients [13] , especially among the critically-ill. Finally, CXR can be a time consuming procedure and its interpretation has high inter-observer variability among radiologists [14, 15] . Chest CT scan, considered the gold-standard imaging approach for pneumonia, has its own limitations: it is expensive; impractical, especially in the critically-ill; and, has higher radiation exposure than CXR [13, 16, 17] .
Use of lung ultrasound (LUS) has long been limited to the diagnosis of pleural effusions, thoracentesis and biopsy-guided procedures; however, it has recently been shown to be highly effective in evaluating pulmonary conditions such as pneumonia and pneumothorax [18, 19] . The use of LUS has gained popularity in intensive care units (ICUs) and EDs in the last decade, and has become increasingly recognized as a potentially useful diagnostic approach for community-acquired pneumonia [20] [21] [22] . We sought to summarize the existing evidence in published literature and characterize the diagnostic accuracy of LUS for pneumonia in adults.
Methods

Search strategy
Two informationists (CP and MG) developed and conducted the search strategy after input from other investigators (MC, NS and WC) in the research team. A systematic literature search was applied to Medline (1946-present). The search was adapted for Embase (1974-Present), Cochrane Library (1898-present), Web of Science (1900-present), Global Health (1973-present) and LILACs (1982-present) . We used a combination of controlled vocabulary of keywords around pneumonia and ultrasound (See Search terms for meta-analysis subsection below). We did not limit our search to studies based on publication dates. We did not seek to identify research abstracts from meeting proceedings or unpublished studies as these are not commonly subjected to exhaustive peer-review. Results of the search were reviewed jointly by the research team and the strategy was developed iteratively. We also provided the two informationists with three studies [20] [21] [22] that should be included in their search results. We searched all original articles published in English, French or Spanish. All titles and abstracts relevant to our study were retrieved and searched independently by two authors (MC and NS) for full text. References from selected studies and review articles were manually evaluated to identify any possible relevant study for analysis. The literature search and data analysis was performed between June and July 2013. 
Study eligibility
Inclusion criteria were as follows: enrollment of adult patients aged ≥18 years with clinical suspicion of pneumonia based on respiratory signs and symptoms or acute respiratory failure, and evaluation of pneumonia based on a combination of clinical data, laboratory results and chest imaging by CXR or a chest CT scan. We excluded studies that enrolled children [23, 24] . Two investigators (MC and NS) evaluated independently all relevant studies for eligibility criteria and pooled analysis. Data retrieved from these studies by both investigators were compared. We defined a priori that disagreements would be achieved via consensus between three members of the study team (MC, NS and WC), which only happened in one study [25] that was eventually excluded after discussion.
Data extraction
The following data were extracted from each study: sample size; gender proportion or number of adults by gender; mean age; LUS technique; areas evaluated per hemithorax; time lapse between chest imaging and LUS; average time to perform LUS; expertise of operator; blinding; LUS pattern definitions; and, number or proportion of true positives, true negatives, false positives and false negatives. Operator expertise was assessed by the number of LUS procedures performed or by the number of years of LUS experience.
Methodological quality assessment
Methodological quality was assessed using the QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies) criterion [26] , which provides a standardized approach to grade the quality of studies included in meta-analyses of diagnostic accuracy. QUADAS-2 categorizes the risk of bias and study generalizability as low, unclear or high. Both reviewers (MC and NS) scored the 7-item tool independently and disagreements were resolved via consensus (between MC, NS and WC); i.e., a face-to-face discussion about each disagreement.
Biostatistical methods
The primary objective was to estimate pooled measurements of diagnostic accuracy: pooled sensitivity and specificity using the Mantel-Haenszel method [27] , and pooled positive and negative likelihood ratios (LR) using the DerSimonian-Laird method [28] . We also calculated an overall area under the receiver-operating-characteristic (ROC) curve. Heterogeneity was assessed using the Cochran Q-statistic and the inconsistency (I 2 ) test [29] . An I 2 > 20% was considered as indicative of significant variation [29] . Subgroup sensitivity analyses were also conducted to determine the robustness of findings. We used Meta-DiSc 1.4 [30] and R (www.r-project.org) for statistical analyses.
Results
Overview of literature search
We identified 2726 studies that fit our search strategy ( Figure 1 ) of which 45 (1.7%) were retrieved for further evaluation based on inclusion criteria and content. After excluding commentaries, review articles, studies not fulfilling methodological criteria and studies involving children, we identified 10 studies [21, 22, [31] [32] [33] [34] [35] [36] [37] [38] for analysis: 6 studies (60%) were conducted in adult patients admitted to EDs or medical wards, and 4 studies (40%) were conducted in adult, critically-ill patients in the ICU. Two studies used lung subunits as independent observations: in one study each patient contributed information for each hemithorax [38] while in another each patient contributed information for twelve lung regions [32] .
Characteristics of selected studies
We describe the main characteristics of eligible studies in Table 1 . Mean age was 59 years (range 18 to 95) and 60% were male. Two studies (20%) were conducted in multiple centers [22, 36] while the remaining (80%) were single-center studies [21, [31] [32] [33] [34] [35] 37, 38] . All studies were blinded to outcome of CXR or chest CT scan prior to conduct or interpretation of LUS. Four studies were performed in Italy [21, 31, 35, 36] , three in France [32] [33] [34] , one in Greece [38] , one in [Hong Kong] China [37] and one was a multicenter study in Europe [22] . Only three studies (30%) conducted a follow-up LUS to evaluate resolution of pneumonia [22, 31, 35] . Four studies (40%) enrolled patients with suspected pneumonia or H1N1 infection who presented to an ED [21, [35] [36] [37] , two studies enrolled hospitalized patients [22, 31] , and four (40%) enrolled critically-ill patients [32] [33] [34] 38] . Seven studies (70%) had a highly-skilled physician perform LUS [21, 22, 31, 32, [34] [35] [36] , but only three adequately defined the degree of expertise. Reissig et al. [22] considered an expert to be a physician who had performed at least 100 LUS procedures, while two other studies considered an expert to be a physician with more than 10 years of experience in LUS [35, 36] . Two studies (20%) trained a general practitioner or ED physician to perform LUS [33, 37] . The training approach was explained in only one of the studies, and it consisted of three hours of didactic learning and three hours of hands-on LUS use taught by an experienced radiologist [37] . One study (10%) did not comment on operator expertise [38] .
Methodological heterogeneity
The overall quality of studies included in this metaanalysis was high ( Table 2 ). All studies enrolled patients who probably would have received a CXR or chest CT scan in common clinical practice; described their selection criteria with sufficient detail; and, conducted LUS in Area examined is referred to each hemithorax. Two zones anterior (A): superior and inferior; two lateral (L), and one or two posterior (P).
a short period before or after chest imaging. Moreover, all studies assessed tests independently and blinded from standard imaging results, and LUS technique were described with sufficient detail. LUS sonographers were not blinded to clinical data. Five studies (50%) used a combination of clinical criteria and imaging as the reference standard (Table 3 ) [21, 22, 31, 34, 36] . Five studies used imaging only as the reference standard: three studies (30%) used chest CT scan for the diagnosis pneumonia in the entire sample [32, 33, 38] and two (20%) studies used chest CT scan when the results of CXR and LUS were found to be discordant [35, 37] . While all studies (100%) obtained a chest CT scan at some point for the diagnosis of pneumonia, only three had it for the entire sample [32, 33, 38] . Three studies (30%) used chest CT scan as the gold standard in cases for which LUS and CXR findings were discordant [22, 31, 35] and four (40%) performed chest CT scan when clinically indicated [21, 34, 36, 37] . Four studies (40%) explained reasons for study withdrawal [22, 34, 36, 37] and only one study (10%) reported non-interpretable results [35] . Nine studies (90%) used a 3.5-5 MHz micro convex transducer [21, 22, [31] [32] [33] [34] [35] [36] [37] and one (10%) used a 5-9 MHz convex probe [38] . Four studies (33%) provided information regarding time to perform LUS [21, 33, 36, 37] (Table 4) . There was no consensus on how to conduct LUS examination across studies: we found substantial heterogeneity on LUS approach and only five studies (50%) examined at least 12 regions of the chest (Table 4) . Four studies [21, 32, 36, 37] reported the length of time to conduct LUS. The maximum reported time was 13 minutes. 
Overall meta-analysis
Overall pooled sensitivity and specificity (Figure 2 ) for the diagnosis of pneumonia were 94% (95% CI, 92% to 96%; p < 0.001) and 96% (95% CI, 94% to 97%; p < 0.001), respectively. The area under the ROC curve was 0.98 (95% CI, 0.98 to 0.99) (Figure 3) . Overall pooled positive and negative LRs were 16.8 (95% CI, 7.7 to 37.0; Cochran Qstatistic = 42.0; p < 0.001) and 0.07 (95% CI, 0.05 to 0.10; Cochran Q-statistic = 9.9, p = 0.36), respectively (Figure 2) .
Subgroup analysis by diagnostic imaging criteria
In studies (n = 5) that used the combination of chest imaging and clinical criteria for the diagnosis of pneumonia as the gold-standard, LUS had a pooled sensitivity of 95% (95% CI, 93% to 97%) and a pooled specificity of 94% (95% CI, 92% to 96%) [21, 22, 31, 34, 36] . In studies (n = 3) that used chest CT scan only as the gold-standard, LUS had a pooled sensitivity of 94% (95% CI, 90% to 97%) and a pooled specificity of 99% (95% CI, 97% to 100%) [32, 33, 38] . In studies (n = 5) that used chest imaging alone as the goldstandard, LUS had a pooled sensitivity of 95% (95% CI, 92% to 97%) and pooled specificity of 97% (95% CI, 95% to 98%) [32, 33, 35, 37, 38] .
A total of 5 studies contributed sufficient information to compare LUS against chest CT scan as the gold standard in individual patients [21, 22, 32, 33, 38] . In this subset of 671 patients across the five studies, we found that LUS had a sensitivity of 93% (95% CI, 90% to 96) and specificity of 98% (95% CI, 96% to 99%). Five studies reported diagnostic accuracy for consolidation pneumonia only [22, [31] [32] [33] 38] , and in these studies LUS had a pooled sensitivity of 94% (95% CI, 92% to 96%) and pooled specificity of 98% (95% CI, 97% to 99%). An analysis of diagnostic accuracy of LUS for interstitial pneumonia was not possible as no study evaluated interstitial pneumonia alone.
Subgroup analysis by patient type and physician training
In studies (n = 4) that evaluated critically-ill patients in the ICU, LUS had a pooled sensitivity of 93% (95% CI, 89% to 95%) and pooled specificity of 97% (95% CI, 95% to 98%) [32] [33] [34] 38] . In studies (n = 6) that evaluated patients admitted to EDs or medical wards, LUS had a pooled sensitivity of 95% (95% CI, 93% to 97%) and pooled specificity of 94% (95% CI, 91% to 97%) [21, 22, 31, [35] [36] [37] . In studies (n = 7) in which there was a self-report of expert-level sonographers, LUS had a pooled sensitivity of 94% (95% CI, 92% to 96%) and pooled specificity of 97% (95% CI, 96% to 98%) [21, 22, 31, 32, [34] [35] [36] . In studies that used ED physicians or general practitioners (n = 2), LUS had a pooled sensitivity of 93% (95% CI, 85% to 97%) and pooled specificity of 92% (95% CI, 84% to 96%) [33, 37] .
Discussion
We found that LUS had a high sensitivity (94%) and specificity (96%) for the diagnosis of pneumonia in adults. When we limited our analysis to studies and to an individual patient-level analysis that used chest CT scan alone as the gold standard [21, 22, 32, 33, 38] , we found a consistently high diagnostic accuracy. LUS performed well both as a rule-in and rule-out test for pneumonia in adults admitted to EDs and medical wards. Even in patients with acute dyspnea, where the differential diagnosis can be broad, LUS had good discrimination. Our meta-analysis supports that LUS, when conducted by highly-skilled sonographers, performs well for the diagnosis of pneumonia. General practitioners and ED physicians should be encouraged to learn LUS for the diagnosis of pneumonia since it is appears to be an established diagnostic tool in the hands of experienced physicians.
Our results differ from that of a contemporary metaanalysis of LUS for the diagnosis of pneumonia that found a sensitivity of 97% and specificity of 94% [39] . There are at least two differences between the meta-analysis conducted by Hu et al. and ours. First, Hu et al. included studies in both children (n = 5) and adults (n = 4) whereas we limited our analysis to adults only. Studies dealing with different kinds of patient populations may need to be considered separately because they have different gold standards. For example, LUS may perform better in children, which may help explain why Hu et al. found a higher sensitivity than we did [23, 24] . Second, Hu et al. included a fewer number of studies in adults [21, 22, 35, 36] . Specifically, they did not consider two studies of adult patients admitted to EDs or medical wards [31, 37] and four studies among critically-ill adults [32] [33] [34] 38] .
Our meta-analyses identified a clear advantage of LUS over standard imaging for pneumonia. Specifically, LUS can be performed in less than 13 minutes. This is substantially shorter than the timeframe required for a CXR or chest CT scan [13, 25] . However, there are several Figure 3 Summary receiver operating characteristics of lung ultrasound for pneumonia. The values sensitivity and 1-specificity for each study are represented with a square. 95% confidence intervals for sensitivity (vertical lines) and 1-specificity (horizontal lines) are also shown. Each study is represented by a separate color.
limitations that we need to consider when interpreting the evidence in currently published studies. First, not all studies used chest CT scan for the diagnosis of pneumonia as the gold standard. Second, some studies excluded certain populations such as pregnant women [22, 35, 37] , and patients with suspicion of aspiration pneumonia [35] , severe immunosuppression [22] , interstitial lung disease [34, 36, 37] and heart failure [36, 37] . Third, the protocol for LUS was heterogeneous across studies and this may have affected generalizability. More evidence is needed to provide stronger recommendations in important subgroups.
Our meta-analysis has some shortcomings of its own. First, the total number of studies in our analyses was small; however, this may be offset by the moderate-tolarge number of included patients (n = 1172). Second, we did not try to identify studies not published in peerreviewed journals. Third, only two studies assessed the use of LUS in non-expert physicians who underwent a short training session, precluding our ability to recommend its use in general practitioners. Fourth, all studies were conducted in high-income settings, and none were conducted in resource-poor settings where most of the cases and complications from pneumonia are seen worldwide. Fifth, included studies did not assess all lung regions, as some patients were bedridden and posterior zones were difficult to be assessed.
Conclusions
LUS has some clear advantages over CXR for patients who are pregnant, bedridden and in resource-limited settings where CXR machines are not currently available. Moreover, it can be done at the bedside, the evaluation is easy and fast to perform and does not suffer from ionizing radiation. Based on our results, LUS is a valid alternative for the diagnosis of pneumonia; however, its role in EDs and in medical wards in the hands of nonexpert physicians requires more evidence from welldesigned studies. 
